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Electronic structure of InAs quantum dots with GaAsSb strain reducing layer:
localization of holes and its effect on the optical properties
P. Klenovsky´,a) V. Krˇa´pek, D. Munzar, and J. Huml´ıcˇek
Department of Condensed Matter Physics, Faculty of Science, Masaryk University, Kotla´rˇska´ 2, 61137 Brno,
Czech Republic
(Dated: 1 September 2018)
The electronic structure of InAs quantum dots covered with the GaAs1−ySby strain reducing layer has been
studied using the ~k ·~p theory. We explain previous experimental observations of the red shift of the photolumi-
nescence emission with increasing y and its blue shift with increasing excitation power. For y > 0.19 type-II
dots are formed with holes localized in the GaAsSb close to the dot base; two segments at opposite sides of
the dot, forming molecular-like states, result from the piezoelectric field. We also propose an experiment that
could be used to identify the hole localization using a vertical electric field.
PACS numbers: 73.21.La,78.55.Cr,78.67.Hc
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InAs quantum dots (QDs) covered with the
GaAs1−ySby strain reducing layer (SRL) represent
an efficient light source at the communication wave-
lengths of 1.3/1.55µm.1,2 The role of the SRL is to
reduce the strain inside the QDs and to modify the
confinement potential, both effects increasing the oth-
erwise small emission wavelengths of the InAs QDs.
Note that the GaAs1−ySby capped QDs differ from
the more conventional InxGa1−xAs capped ones
3,4 in
several important aspects. The antimony atoms act as
surfactant, helping to preserve the shape and the height
of the QDs during the overgrowth. The resulting QDs
are considerably higher than the InxGa1−xAs-capped
ones.5 Moreover, for y > 0.14, the formation of type-II
dots with holes localized in the SRL was reported.1,2,6
The red shift of the emission energy with y increasing
from 0.10 to 0.22 has been found,2 more pronounced
in the type-II confinement regime. A peculiarity of the
type-II regime is a large blue shift (up to tens of meV)
of the emission energy with the excitation power.2,6
We have calculated the electronic structure of QDs
capped by the GaAs1−ySby SRL using a two-step ap-
proach. First, single particle states were obtained using
the Nextnano++ solver7 based on the eight-band ~k·~p the-
ory. Second, we calculated the energies of the excitons
using the configuration interaction method with the ba-
sis set formed from the single particle states.8 The values
of the material constants are given in Ref. 9. Based on
published cross-section scanning tunneling micrographs
(XSTM),5,10 we assume a pyramidal shape of the model
QD with the height of 8 nm and the base length of 22 nm.
Both the shape and the dimensions were taken from
Ref. 5 without any changes. The results of Refs. 5 and 10
also suggest that the QDs are composed of InxGa1−xAs
with a trumpet-like composition profile, with x = 0.4 at
the base of the pyramid (low In content) and x = 1.0
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at its top (maximum In content). Here we adopt this
profile. The XSTM cannot determine the composition
profile very reliably,11 thus we studied several other pro-
files and found only minor differences.12 The thickness of
the SRL has been fixed at 5 nm and y varied between
0.10 and 0.22.
Figure 1 shows the lowest transition energy as a func-
tion of y. With y increasing from 0.10 to 0.22, the energy
red-shifts by 84 meV from 1055 meV to 971 meV, the
origin being illustrated in the inset. This is in very good
agreement with the optical data,2 where the energy shifts
by 83 meV from 1050 meV to 967 meV. We emphasize
that the red shift was reproduced without any modifica-
tion of the shape and dimensions of the model QD. This is
consistent with the observations of Ref. 5 that the shape
and size of the QDs are independent of y. Recall that
in the InxGa1−xAs capped QDs, a large part of the red
shift is caused by the increase of volume.13 For y < 0.15
(y > 0.19), the probability of finding the hole inside the
QD is larger than 80% (smaller than 20%), which we
call type-I (type-II) confinement in the following. We
have found the type I to type II transition not to be
abrupt, but rather to be a continuous process starting at
low y, accelerated in a certain range of y (0.15 < y < 0.19
for our dot), and finally saturating at high values of y.14
Note that we found the type-II QDs for larger y than usu-
ally reported. The redshift of the type-II confinement is
faster because the bottom of the potential well shifts and
not the barrier as in type I.1,15,16
The type I to type II transition is associated with a
reduction of the overlap of the electron and hole wave
functions and the corresponding decrease of the Coulomb
energy of the electron-hole pair from 26 meV at y = 0.10
to 12 meV at y = 0.22. The biexciton emission energy
calculated using the configuration interaction method8
with 6 electron and 8 hole basis states is blue-shifted by
4 meV with respect to the exciton emission energy at
y = 0.10, and blue-shifted by 18 meV at y = 0.22. While
the multiexcitonic ordering in type-I QDs depends on
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FIG. 1. Calculated values of the emission energy of the model
pyramidal QD (circles) compared to the corresponding values
obtained from the optical measurements, taken from Ref. 2
(squares). The vertical axis of the experimental values is
shifted by 5 meV with respect to that of the model results.
The arrow points to the onset of the type-II confinement.
A schematic representation of the hole confinement is also
shown.
structural properties of the QD11, the blue shift of the
biexciton with respect to the exciton is a characteris-
tic property of the type-II QDs.12 We suggest that the
blue shift of the emission energy with the pumping inten-
sity reported for type-II QDs2,6 is caused by the emission
from the blue-shifted biexcitons emerging at high pump-
ing powers. This could be verified by intensity-dependent
micro-photoluminescence measurements. The biexciton
energy could be used as the indicator of the type of the
confinement.
Next we address the wave functions. The probabil-
ity densities of the lowest electron and hole states in the
model QD are shown in Fig. 2 (y = 0.10 for electrons,
y = 0.10 and y = 0.22 for holes). The electrons are local-
ized in the In-rich region of the QD, the position of the
maximum of their probability density being only weakly
dependent on y. For y = 0.10, the holes are localized
inside the QD close to the base of the pyramid, in agree-
ment with previously reported results for the type-I InAs
QDs.18 For y > 0.19, the holes are located in the SRL.
It has been assumed that they reside above the QD.6,19
We found them, however, to be located close to the base
of the dot (see Figs. 2e, f). This is a consequence of the
strain distribution. The shift of the heavy-hole band edge
due to the biaxial strain B = εzz − (εxx+ εyy)/2 is given
by ∆E = −b · B, where εij are the components of the
strain tensor and b is the biaxial deformation potential.
Since b is negative, the holes prefer the regions with large
positive values of B at the dot base as shown in Fig. 3.
If only the strain is included in the calculations, the
maximum of the probability density of the hole ground
state forms a ring surrounding the dot base. The piezo-
(a) (b)
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FIG. 2. Cross sections of the probability density (arbitrary
units) of the lowest electron state for y = 0.10: (a) (11¯0)
plane, (b) (001) plane; (c) and (d): the same for the lowest
hole state and y = 0.10; (e) and (f): the same for the lowest
hole state and y = 0.22 (see also Ref. 17). The (11¯0) planes
contain the vertical symmetry axis of the QD and the (001)
cross sections are located 3.5 nm (2.5 nm) above the base of
the QD for electrons (for holes). The borders of the QD and
the SRL are denoted by the solid lines. The dashed lines are
the isolines of the In content inside the QD (100 and 60 %).
FIG. 3. The (11¯0) cross section of the confinement potential
for holes in the type-II QD with y = 0.22. The scale is in
eV. The holes are confined in the two potential minima in the
SRL close to the base of the QD.
electric field splits it into two segments located along the
[110] direction.17 The wave functions resemble those of
quantum dot molecules. Quantum dot molecules (QDM)
are important for the quantum information processing
as a potential tool for manipulating the qubits – a quan-
tum gate.20 Vertical QDMs can be easily manufactured
and offer a strong coupling, but they cannot be scaled
and suffer from the internal symmetry lowering induced
by the strain field.21 On the other hand, lateral QDMs
(LQDM) reported so far exhibit a weak coupling22 and
their properties cannot be tuned easily. The properties of
the “molecules” under consideration are in many aspects
superior. Most importantly, the distance between the
segments and the tunneling energy can be easily tuned
by the size of the QD and the Sb content in the SRL (the
value of the tunneling energy corresponding to the QDs
under consideration is 0.28 meV). The barrier between
3the segments is better defined. The clear disadvantage is
the confinement of only one type of charge carriers, i.e.,
holes, ruling out applications in devices involving both
electrons and holes. However, there exist promising pro-
posals of devices which require only one type of charge
carriers.20 Our “molecules” represent an interesting al-
ternative to the LQDMs discussed in this context.
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FIG. 4. The emission energy (squares) and the vertical dipole
moment (circles) as functions of the vertical electric field in
the type-II QD with y = 0.22.
In the following we propose an experiment that could
be used to identify the localization of the holes, based
on the Stark shift in the vertical electric field. Figure 4
shows the calculated transition energy and the vertical
dipole moment as functions of the applied electric field.
According to our calculations, the dipole moment of the
exciton in zero field is small and oriented downwards
(negative direction). The electron and the hole are both
rather strongly confined and their vertical polarizabil-
ity is low. As a consequence, only a weak Stark shift
of the emission energy in a vertical electric field is pre-
dicted, positive when the field is oriented upwards (pos-
itive direction). For a sufficiently strong positive field,
however, the hole state above the tip of the QD turns to
be the ground state,23 the dipole moment of the exciton
increases dramatically and changes its sign, and so does
the Stark shift. The transition between the weak nega-
tive and large positive dipole moment is fairly steep and
should be identifiable. For the hole ground state located
above the tip of the QD, a similar transition would occur
for a negative field. We note that this possibility could
occur in real QDs due to, e.g., a higher antimony content
in the SRL above the QD.24
In conclusion, we have shown that the red shift of
the emission energy with increasing Sb content y in the
GaAs1−ySby SRL is mainly due to the modified confine-
ment potential in the QD; there is no need to vary the
structural parameters of the model dot with changing y
to reproduce the optical data. The blue shift of the emis-
sion with increasing pumping power is attributed to the
increasing proportion of the biexcitons whose energy is
considerably higher compared to the excitons. We have
found that for y > 0.19 the holes are localized in the
SRL close to the base of the dot, rather than above it.
An experiment involving external electric field has been
proposed to verify this prediction.
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